ABSTRACT: We present the synthesis of Ag−Ir alloys in the form of solid-solution nanoparticles (NPs). Ag and Ir are classically immiscible in the bulk and therefore the physical properties of Ag−Ir alloys are unknown. A convenient microwaveassisted, solution-phase method that employs readily available Ag(NO 3 ) and IrCl 3 precursors enables the preparation of small (2.5−5.5 nm) Ag−IrNPs with alloyed structures. Ag x Ir (100−x) NPs can be obtained by this method between x = 6−31. The Ag−IrNPs resist dealloying upon heating up to 300°C. Ir-rich Ag−IrNPs dispersed on amorphous silica are significantly more active gas-phase alkene hydrogenation catalysts than pure IrNPs. Density functional theory (DFT) and theoretical modeling studies reveal that the Ag−IrNPswhich are consistently larger than monometallic IrNPs prepared under the same conditionshave comparatively fewer strong H-binding edge sites. This promotes faster H atom transfer to coadsorbed alkenes. Ag−IrNPs supported on amorphous Co 3 O 4 show a linear composition dependence in the selective hydrogenation of CO versus CC bonds: more Ag-rich Ag−IrNPs are more selective toward CO hydrogenation of the α,β-unsaturated aldehyde crotonaldehyde, yielding the industrially desirable crotyl alcohol. Furthermore, deposition of Ag−IrNPs inside Co 3 O 4 mesopores results in an additional ∼56% selectivity enhancement.
■ INTRODUCTION
Iridium is an industrially important noble metal, yet it is also the scarcest noble metal found in the Earth's crust. 1 Organoiridium complexes are widely employed in homogeneous carbonylation catalysis (e.g., the BP-Cativa process 2 ), and in OLED technology. 3 Heterogeneously, Ir is employed in NO reduction, 4 in CO and ammonia oxidation, 5 in water splitting, 6 in hydrazine decomposition, 7 and in the hydrogenation of aldehydes and nitrobenzenes, 8 for which Ir shows unrivalled selectivity. Metallic Ir is one of the most corrosion-and oxidation-resistant metals known, whose alloys with Os and Pt display extreme mechanical hardness. 9 For related reasons, the synthesis of size-and shape-controlled IrNPs is particularly problematic: its high melting point and resistance to surface etching limits the size to which IrNPs can be grown. IrNPs tend to resist growth above ∼2 nm, which limits their utility. There are several recent reports of synthetic procedures to obtain larger IrNPs, but these tend to rely on either the use of more exotic Ir precursors 10 or unusual solvents and coreductants 11 neither of which are compatible with industrial-scale synthesis. Ir is also broadly immiscible in the bulk with other late transition metals, including Rh and the Group 11 metals. 12 However, nanoalloys of Ir with such metals would be potentially interesting for a number of reasons, including: (a) as a means to dilute the amount of scarce Ir with more earth-abundant metals; (b) to access synergistic effects intrinsic to alloys (e.g., charge-transfer, ensemble, and strain 13 effects); and, (c) to enable better size and morphological control in the synthesis of Ir-based NPs. Yet, examples of Ir/M NPs in the literature remain rare. In recent work, Pd-IrNPs have been prepared and used to catalyze hydrazine decomposition and formic acid electrooxidation, 14 and Ni-IrNPs 15 were also reported. We have become interested in forming Ir-based alloy MNPs with Group 11 metals, in the belief that a microwave-(μw-) assisted synthesis route under continued development in our lab 16 could enable the formation of well-defined metastable alloy nanostructures. We have previously shown that other classically immiscible bimetallics (e.g., Rh−Ag and Rh−Au 16a ) can be obtained as metastable NPs with randomly alloyed structures, by taking advantage of dipolar heating effects. Polar solvents and inherently polarizable ionic metal precursors strongly couple with μw irradiation. In turn, this results in rapid, localized heat dissipation. 17 This inhomogeneous heating leads to so-called "hotspot" formation, whereby localized regions of solution may become orders of magnitude hotter than the bulk solvent temperature for short periods of time. 18 These regions are thought to provide unique environments for NP nucleation and growth.
To the best of our knowledge, the synthesis of Ag−Ir alloys are previously unreported. Ag and Ir both adopt face-centered cubic (FCC) lattice structures and have similar lattice constants (a Ag = 4.09; a Ir = 3.84 Å); the 6% lattice mismatch between Ag and Ir should result in modest strain when mixed into a single phase, but should not inhibit alloy NP formation. 19 In this paper, we present the μw-assisted synthesis of Ag x Ir (100−x) bimetallic NPs with random alloy structures. With the aid of density functional theory (DFT) calculations, we have assessed the electronic structure of Ag−IrNP surfaces as a function of relative Ag:Ir composition, using model heterogeneous hydrogenation reactions as probes of surface reactivity. Given the major industrial uses of Ir, we chose to assess the selective hydrogenation properties of Ag− IrNPs. Both experiment and theory reveal that Ag−Ir alloys are more active hydrogenation catalysts than pure IrNPs, while the selectivity of CC versus CO bond hydrogenation is directly proportional to the Ag:Ir composition. DFT calculations elucidate that the observed trends in hydrogenation activity are correlated to both atomic ensemble and NP size effects.
■ RESULTS AND DISCUSSION
Microwave-Assisted Synthesis of Ag x Ir (100−x) NPs. Ag x Ir (100−x) NPs with varying compositions were prepared by changing the relative molar amounts of Ag + and Ir 3+ precursors. Briefly, separate solutions of Ag(NO 3 ) and IrCl 3 ·nH 2 O in ethylene glycol (EG) were directly coinjected into a stirred EG mixture containing poly(vinylpyrrolidone) (PVP; 9 monomers per total metal atom) held at 197°C inside the cavity of a CEM-MARS-5 microwave reactor. The precursors were added at a combined rate of 2.0 mmol h −1 (3 min total injection period) controlled by a dual-barrel syringe pump (see Supporting Information, SI, for further details). Deeply colored suspensions were obtained almost immediately, indicating rapid reduction of the metal precursors. The suspensions were heated for a further 30 min at 197°C before being quenched in an ice water bath. A series of initial reactions were conducted to prepare Ag x Ir (100−x) NPs with nominal target compositions across the entire composition range, x = 8−92, in regular increments.
The isolated products were first analyzed by powder X-ray diffraction (PXRD) analysis to assess the extent of alloying between Ag and Ir. Comparison of the PXRD patterns for the Ag x Ir (100−x) NPs to the corresponding patterns for pure Ag and IrNPs confirmed that Ag and Ir had become intrinsically alloyed into an FCC lattice arrangement, in all instances. The major (111), (200), and (220) reflections shifted as a function of changing Ag:Ir composition ( Figure 1A ). The (220) lattice spacings measured from the PXRD spectra showed good agreement versus calculated values obtained using Bragg's Law for all Ag−Ir compostions studied ( Figure S2 ). These peaks were also broad, indicative of the formation of small nanostructures. The sizes of the Ag−Ir NPs can be calculated using the Scherrer equation; this indicates a consistent increase in size as a function of increasing Ag composition (Table 1) . Notably, for all reactions with x > 42, a second set of more intense reflections began to appear, indicative of the coformation significantly larger monometallic AgNPs, in addition to the target Ag−IrNPs ( Figure 1A ; Ag 50 Ir 50 and Ag 67 Ir 33 ). Despite various attempts to modify the synthesis conditions to prevent partial segregation of Ag at higher Ag + concentrations, we were only able to reproducibly access a single phase of Ag−IrNPs within the nominal range, x = 8−42 using the μw-assisted method. As observed previously, 16,20 the presence of Cl − ions from the Ir 3+ precursor also results in the formation of a minority of AgClNP byproducts, evidenced by additional reflections observed in the as-synthesized PXRD patterns ( Figure S3 ). However, these AgClNPs were easily eliminated by treatment of the products with a few drops of concentrated NH 4 OH, resulting in AgCl-free Ag−IrNPs ( Figure 1A ). Low-resolution transmission electron microscopy (TEM) images of the products obtained revealed that the Ag x Ir (100−x) NPs displayed a range of morphologies, whose average sizes (2.5−5.5 nm) lie between monometallic IrNPs (1.7 nm) and AgNPs (25 nm and larger) obtained by the same method ( Figure S4) ; the Ag−IrNPs also became larger and less monodisperse with increasing Ag content ( Figure 1B ). The size analysis was conducted based on the measurement of at least 300 individual NPs from at least three separate areas of the same TEM grid.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) and X-ray photoelectron spectroscopy (XPS) were next used to determine the bulk compositions of the purified Ag−IrNPs. Both methods were in close agreement for all compositions (Table 1 and Figure S6 ). On the basis of ICP-OES and XPS data, the actual NP compositions were all found to be ∼27% deficient in Ag compared with the nominal targeted compositions ( Figure S6 ). This indicates that the proportion of AgClNP byproducts formed was relatively consistent for all reactions. Henceforth, all Ag x Ir (100−x) NPs compositions in the work are quoted based on the actual compositions measured by ICP-OES analysis. XPS also confirmed that the majority of the Ir and Ag was present in the zerovalent state. Figure 2A ). Line scanning energy-dispersive spectroscopy (EDS) of the same particles revealed the presence of both Ag and Ir in an even distribution and did not indicate segregation of metals between the NP cores and surfaces ( Figure 2B ). High-angle annular dark field scanning TEM (HAADF-STEM) imaging and 2-D elemental mapping analysis of a collection of three Ag 6 Ir 94 NPs also confirmed that Ag and Ir were evenly distributed throughout each particle ( Figure 2C−F) . Similarly, elemental mapping and EDS line scan analyses of other, more Ag-rich Ag−IrNPs were indicative of single-particle homogeneity (e.g., Ag 31 Ir 69 ; Figure 3) .
Mechanistic Investigations into Microwave-Assisted Formation of Ag x Ir (100−x) NPs. In an attempt to gain a better . At early synthesis times (60 s, when only one third of the total metal precursors had been injected), aliquots were removed, flash-frozen to prevent further growth, and analyzed by PXRD. Very broad diffraction peaks were observed ( Figure S12 ), indicating the existence of small nucleates. The (111) reflection maximum ca. 39.5°2θ corresponds to an FCC Ag−Ir alloy phase, but most notably, shoulders at lower 2θ values were also present, revealing the coexistence of small AgNPs. The reduction potential of Ir 3+ → Ir 0 (1.156 V) is significantly higher than that of Ag + → Ag 0 (0.7991 V). 21 This suggests that Ag + undergoes faster reduction than Ir 3+ in solution, facilitated by the EG solvent. This would lead to the initial formation of monometallic Ag (or very Ag-rich) seeds, in agreement with the PXRD findings. Upon completion of metal precursor addition (180 s), further aliquots were removed and analyzed by PXRD. The reflections due to Ag−Ir were already narrower and the peak maxima had shifted to higher angles, indicative of the inclusion of more Ir into the growing particles, confirmed using the Scherrer eq (Table S3 ). The shoulders originally observed for pure Ag were also no longer visible ( Figure S12 ). Galvanic replacement is energetically favored between Ir 3+ and Ag 0 ; 22 Ir n+ species are also autocatalytically reduced at the surfaces of Ag-rich nucleates.
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Either (or both) of these processes are likely to lead to the absorption of Ir atoms into the growing NPs. Furthermore, when preformed AgNPs were treated with molecular Ir 3+ under the same reaction conditions, Ag−Ir alloy NPs were obtained ( Figure S13 ). PXRD analysis of the same NPs after a further 3 and 30 min of heating showed no obvious changes, indicating that all Ir 3+ had been consumed almost immediately after completion of precursor addition.
The beneficial effects of μw-heating in the formation of Ag− IrNP alloys was also assessed by direct comparison to the products obtained by conventional (convective, oil bath) heating, using otherwise identical conditions and apparatus. Interestingly, conventionally heated reactions always yielded mixtures of Ag−Ir and pure AgNPs under conditions that cleanly yielded Ag−IrNPs by μw-assisted heating. The products from conventional reactions were also largely amorphous or poly crystalline, as indicated by PXRD and TEM analysis (Figures S14 and S15). These observations further support the hypothesis that localized superheated regions achieved under μw irradiation may be important in the formation of alloyed seeds, by ensuring faster incorporation of Ir atoms into the growing clusters. The observations are also in-line with what has been observed previously in the formation of Rh−Ag and Rh−Au alloy NPs.
16a It is also expected that faster nucleation and growth under μw irradiation would lead to more crystalline Ag−IrNPs, as indicated by the significantly sharper diffraction peaks in the PXRD patterns.
The relative stability of the Ag−Ir alloys was also assessed as a function of temperature. The inherent immiscibility of Ag and Ir in the bulk should lead to the formation of metastable Ag−IrNP alloys, which would be expected to undergo segregation upon prolonged heating at elevated temperatures. To investigate this, isolated PVP-capped Ag−IrNPs of varying compositions were heated in the solid state using a tube furnace purged with N 2 gas at 200, 250, 300, 325, 350, and 375°C for 12 h. The resulting PXRD patterns clearly indicated that the NPs heated to 250°C retained their alloy structures, and the onset of dealloying occurred at around 300°C. The extent of dealloying is more obvious from the 2-D EDS maps of the thermally treated NPs, which indicate significant segregation of Ag and Ir ( Figure S16 ). At 325°C and higher temperatures, the PXRD peaks were much shaper indicating significant agglomeration. PVP is expected to thermally decompose at 380°C, 24 so it should also be noted that NP agglomeration may accelerate Ag−Ir dealloying as larger NPs begin to mimic the bulk (Figures S18 and S19).
Assessment of Ag x Ir (100−x) NP Alloy Surface Reactivity via Model Vapor-Phase Hydrogenation Studies and DFT. The vapor-phase hydrogenation of cyclohexene (CHE) to cyclohexane (CHA) by H 2 was used as a model reaction to study the catalytic properties of Ag x Ir (100−x) NPs as a function of x, and in comparison to monometallic AgNPs and IrNPs. This simple reaction was chosen as it enables convenient extraction of basic kinetic information that can be used to infer surface binding energies as a function of average surface composition. In our study, amorphous silica (a-SiO 2 ) was employed as a chemically inert support that does not induce strong metal−support interactions. Deposition of Ag−IrNPs onto a-SiO 2 also enables easy catalyst handling and minimizes NP sintering under catalytic conditions. In each reaction, approximately 3 mg of the Ag−IrNP/a-SiO 2 composite catalysts with ca. 3% total metal loading was employed; the actual Ag and Ir %wt loadings were determined by ICP-OES (see Methods section and SI). The catalysts were activated under facile conditions to favor retention of alloy structures. Activation was achieved in flowing H 2 / He at 25°C for 30 min. Under these conditions, it has been shown that the NP surface atoms become reduced and residual PVP is released from the NP surfaces. 16, 21 While the majority of PVP is still assumed to be present, the reactants (CHE and H 2 ) can readily access the NP surfaces. The products were monitored in real-time by continuous on-stream sampling at 3.5 min intervals by gas chromatography.
The normalized turnover frequencies (TOFs; mol CHA · total metal surface site
) of the supported Ag x Ir (100−x) NPs were obtained by normalization of apparent activities in terms of average NP size and morphology (see SI). As shown in Figure 4A , the measured TOFs were initially high upon exposure of the fully prereduced catalysts to CHE, but rapidly decayed (48 ± 6% of the initial values after 200 min on-stream). As reported in previous literature, 16a we also reconfirmed that similarly sized AgNPs supported on the same a-SiO 2 supports were inactive hydrogenation catalysts due to the inability of Ag to oxidatively add H 2 under the reaction conditions. Interestingly, however, the addition of relatively small amounts of Ag to Ir in the Ag−IrNPs (x < 12; Figure 4A ) resulted in a significant increase in the measured TOFs compared to the reference TOF for monometallic IrNPs ( Figure 4A ) at 200 min on stream. In fact, the most Ir-rich Ag−Ir alloy (Ag 6 Ir 94 , blue diamonds; Figure 4 ) gave a TOF that was ca. 75% higher than for pure IrNPs. In general, the TOFs for alloys of varying compositions were directly dependent on x, with increasingly Ir-deficient NPs giving consistently lower activities; alloy NPs with x ≥ 19 were all less active than Ir itself ( Figure 4B ).
The recyclability of the supported Ag x Ir (100−x) /a-SiO 2 catalysts was also assessed for all compositions by twice regenerating each catalyst in flowing H 2 /He followed by re-exposure to CHE. This recovered the initially higher TOFs, while the TOFs obtained after three cycles were always less than 10% lower than the values obtained for the pristine catalysts ( Figure S20 ). TEM analysis of the supported catalysts after three cycles revealed no obvious NP size or morphological changes ( Figure S21) .
In an attempt to elucidate the TOF trends shown in Figure 4 , theoretical H-binding energies were calculated on model Ag x Ir (100−x) (111) surfaces as a function of x, using DFT. The results provide useful reaction descriptors that can be directly compared with the experimental CHE hydrogenation results. Figure 5A shows the calculated H-binding energies at four different triatomic ensembles (Ag 3 (Figure S23a−d) . A triatomic ensemble with 3-fold geometry is the smallest repeat unit on an ordered (111) atomic surface that can be used to describe the local adsorption environment of H atoms. 25 Therefore, we focused on this binding site as a means to gain a theoretical understanding of the observed catalytic reactivity. The calculations show that, for Ir(111), both the 3-fold hollow and atop sites have similar favorable H binding energies ( Figure 5A ; yellow and purple dashed lines). Meanwhile, DFT predicts that the binding of an H atom at an Ag 3 site is much weaker than at the other three triatomic ensembles ( Figure 5B ). The binding is significantly weaker than −0.4 eV, which is the energy corresponding to the peak in the volcano plot ( Figure 5C ). This finding is consistent with the inability of AgNPs to catalyze alkene hydrogenation. Details of the model used to calculate the volcano plot can be found in prior work. 16 When the proportion of Ir atoms is increased in a triatomic ensemble, the H atom binding affinity also increases to a point at which the binding is stronger than optimal, resulting in less labile H atoms. The calculated surface segregation energies of two isolated Ir atoms shows that thermodynamically, formation of larger Ir emsembles is more favorable (Figure S23e ). Our calculations suggest that the Ag−Ir alloy system is best described as "untunable" for H atom binding, meaning that varying the relative Ag:Ir composition to change the proportion of mixed-metal surface ensembles does not provide access to intermediate H-binding energies. As we have seen previously with Pt−Au alloys, 26 the constant H-binding strength calculated for the Ag−Ir alloys is due to the fact that the H binding modes are actually different for each type of 3-atom ensemble found on a (111) surface ( Figure 5B ). H atoms preferentially bind at the 3-fold hollow site in an Ir 3 ensemble, in a two-fold bridging orientation on Ir 2 Ag 1 , and to an Ir atop site in an Ir 1 Ag 2 ensemble ( Figure 5B ). This Ir-driven H atom migration behavior maintains an approximately constant H-binding energy at the Ag−IrNP surfaces. Accordingly, CHE-binding energies were found to be similar to that of the pure Ir(111) surface (Table S5) ; alloying of Ag into Ir simply dilutes the Ir and is not predicted to improve the activity of CHE hydrogenation. This is entirely consistent with the experimental observation that the average TOF decreases somewhat linearly with decreasing Ir composition ( Figure 4B ). To physically understand the tuning of H-binding, our models for Ir(111) and Ag 25 Ir 75 (111) slabs were compared with an Ir(111) slab having its strain expanded to be the same as for bulk Ag 25 Ir 75 (Table S7 ). The surface strain did not change to any significant extent, but the calculated H-binding energies were found to be quite different between bulk Ag 25 Ir 75 and an expanded Ir(111) surface. This indicates that for Ag−Ir, both ensemble and electronic effects clearly influence the H-binding energies, while strain effects are much less significant.
In the above calculations, a slab model was used; this model is appropriate for the faces of the larger 2.5−5.5 nm Ag x Ir (100−x) NPs, but breaks down for the smallest 1.7 nm IrNPs. For those, we used a cuboctahedral Ir nanocluster consisting of 147 atoms, corresponding to a diameter of 1.9 nm. Figure 5C shows the calculated H-and CHE-binding energies obtained for both the Ir (111) slab and the Ir 147 NP, overlaid onto the reaction activity volcano plot. This analysis shows that an Ir(111) slab is close to the volcano peak. In contrast, for an Ir 147 NP, although the binding of H on face sites is nearly optimal, the CHE binding is comparatively weaker than for an Ir (111) slab. The Ir 147 edge sites are predicted to overbind both H and CHE. Thus, the theoretical hydrogenation activity of Ir 147 NPs is predicted to be driven far away from the volcano peak due to the presence of more edge-binding sites; consequently, this lowers the catalytic activity due to slower release of the bound species. As a result, the catalytic activity of small IrNPs is predicted to be significantly lower than for larger, Ir-rich Ag x Ir (100−x) NPs. Interestingly, it is observed in Figure 5C that the H binding calculated on the (111) face of an Ir 147 NP is similar to that for an extended Ir(111) surface. Ir 147 NPs should display strong compressive strain due to surface tension effects at the nanoscale, which should lead to weaker H binding; conversely, the lower average coordination number of Ir atoms at the surfaces of Ir 147 NPs should strengthen the H-binding. These two opposing effects can thus lead to a similar final H-binding energy, as calculated on Ir(111). It should also be noted that under experimental conditions, the NP surfaces will have a certain (partial) coverage of H atoms; calculating the phase diagram of adsorbates under varying experimental conditions could help to more comprehensively evaluate the observed reaction activity, and will be studied in future work. Since H-binding energy has been found to be relatively insensitive to the total H atom coverage on Ir(111) (see Table S8 ), it can be assumed that these effects may be subtle.
To provide a straightforward evulation of our theoretical approach, we next developed a microkinetic model that unifies both Ag−Ir alloying and NP size effects. Figure 5D shows the estimated relative reaction rates at the NP surfaces with varying Ag:Ir compositions, while also considering the adsorption coverage, NP size, active site ratio, and total number of surface sites. It can be seen from this unified model that the trend of relative reaction rates has good qualitative agreement with the experimental trend in measured TOFs, shown in Figure 4B . This helps to further confirm that the theoretical approach employed in this work to deal with both H-tunability and NP size effects is able to accurately explain the experimental observations.
In this instance, experiment and theory both concur that the premise, "smallest is best" does not apply. Synthetically, the addition of small amounts of Ag into IrNPs allows for the preparation of physically larger NPs. Reactivity-wise, larger NPs have a greater proportion of more weakly binding surface sites versus more strongly binding edge sites, and the average binding energies of all mixed Ag/Ir surface ensembles are also weaker than those of pure Ir 3 ensembles. Therefore, the larger Ag−IrNPs provide more labile reaction intermediates for alkene hydrogenation, while also requiring physically less Ir in their manufacture.
Selective CO Hydrogenation by Ag x Ir (100−x) NPs. Next, the catalytic properties of supported Ag x Ir (100−x) NPs as a direct function of x was studied using a more complicated model hydrogenation reaction. Specifically, we assessed the relationships between Ag/Ir composition and the nature of the catalyst support upon the selective hydrogenation of the α,β-unsaturated aldehyde, crotonaldehyde (CRAL; Scheme 1). There are several possible outcomes in the vapor-phase hydrogenation of CRAL, illustrated in Scheme 1. From a technological standpoint, selective hydrogenation of the aldehyde CO moiety is desired, yielding the industrially valuable unsaturated crotyl alcohol (CROL). Conversely, hydrogenation of the CC bond is thermodynamically favored, 27 but the resulting saturated butyraldehyde (BUAL) is worthless since it can already be made easily on a large scale by homogeneous hydroformylation chemistry. 3 Overhydrogenation to give butanol (BUOL) or C−C cleavage to give propene (PP) are also undesirable and are more commonly observed under more forcing reaction conditions. Others have shown that noble metal NPs supported on particular transition metal oxides can impart the desired selectivity.
28, 29 For example, AuNPs supported on TiO 2 are able to achieve ∼65% selectivity toward CROL at 120°C, with a partial pressure of 8 Torr for crotonaldehyde. 28a The origins of selectivity in this reaction are manifold; in addition to H 2 activation by a noble metal, H-spillover and preferential orientation effects of CRAL at the support surface are known to be important. 28b Recently, Somorjai and co-workers proposed that the hydrogenation selectivity of CRAL achieved by monometallic PtNPs deposited on a Co 3 O 4 film was directly dependent on the structure of the support. 29 Specifically, they found that hydrogenation of the CC bond occurred by direct coadsorption of H 2 and CRAL on the PtNP surfaces, akin to the mechanism responsible for the hydrogenation of CHE described above. Meanwhile, the desired C O bond hydrogenation occurred primarily on the surface of the Co 3 O 4 support. Using in situ sum-frequency generation (SFG) vibrational spectroscopy, it was shown that CRAL molecules were preferentially adsorbed in a "head-on" CO···Co orientation, thus activating the CO bond and allowing hydrogenation to yield the unsaturated alcohol localized at the support.
Taking a lead from these recent results, and based on our preliminary hydrogenation studies with the Ag−IrNP catalysts described above, we were interested to see if Ag−Ir alloys showed a composition dependence in the selective hydrogenation of CRAL in the vapor phase. In initial studies, activated a-SiO 2 -supported Ag x Ir (100−x) NPs catalysts (x = 6-31) were exposed to CRAL in the presence of H 2 gas. Unlike for CHE hydrogenation, the presence of PVP capping agents hindered the hydrogenation of CRAL and required more effective removal. This was achieved by pretreating the catalysts in flowing H 2 /He at 200°C for 12 h before cooling to the reaction temperature of 90°C. Under these moderately more forcing activation conditions, TEM analysis confirmed that the supported Ag−IrNPs remained unsintered ( Figure S24 ). The aforementioned temperature-dependent studies also confirm that the Ag−IrNPs resist dealloying at this temperature. Additional PXRD Scheme 1. Most Common Reaction Outcomes in the Hydrogenation of Crotonaldehyde studies of the catalysts reduced under these conditions did not reveal any new reflections that could be attributed to H 2 adsorbate-driven NP restructuring or segregation ( Figure S25 ). 2-D EDS mapping of the catalyst after activation also showed that the NPs remained alloyed ( Figure S26 ). Disappointingly, all of the alloy catalysts as well as an IrNP control catalyst supported on a-SiO 2 only yielded BUAL at low activity, in addition to barely detectable amounts of PP; neither CROL nor BUOL were observed, indicating that the CO bond was not activated by these catalysts (Table S9 and Figures S27and S28) . Similar results were also obtained when α-Al 2 O 3 was employed as a support in place of a-SiO 2 .
In stark contrast, when the Ag x Ir (100−x) NPs were deposited onto amorphous Co 3 O 4 at a metal loading of ca. 2 wt % and activated under otherwise identical conditions as those described above, the target CROL was obtained as a major product, in addition to BUAL and minor amounts of PP and BUOL ( Figure 6A ; yellow data). In agreement with the earlier Somorjai work, it is apparent from our results that Co 3 O 4 plays a crucial role in the activation of CO groups. Importantly, the observed selectivity toward CROL was found to be sensitive to the Ag x Ir (100−x) NP composition. As shown in Figure 6A , the highest selectivity for CROL was obtained for the most Ag-rich NP catalyst (19.1%; Ag 31 Ir 69 ), with a linear decrease in selectivity toward monometallic IrNPs (14.3%). This is both an interesting and potentially very important observation, since the greatest selectivity toward the desired CROL product is obtained for the most Ir-economical catalysts. The observation is also neatly explained by the experimental and DFT results obtained from the earlier CHE hydrogenation studies, based on three synergistic factors.
(1) More Ag-rich Ag−IrNPs display surfaces with a greater proportion of weaker H-binding sites, which should promote faster H atom spillover on to the a-Co 3 O 4 support. (2) Increasingly Ag-rich Ag−IrNPs are predicted by DFT to be less active in the direct hydrogenation of CC bonds since a greater proportion of Ir surface sites have been substituted by Ag atoms, which are weaker CC-binding sites. (3) The most Ag-rich NPs are also the largest NPs and display a greater ratio of weaker (surface) versus stronger (edge) CC adsorption sites; therefore, direct CC hydrogenation processes occurring on the largest NPs should be further disfavored versus indirect hydrogenation of C O bonds on the neighboring supports. Similar to CHE hydrogenation, a decrease in TOF was observed with increasingly Ag-rich Ag−IrNPs.
Clearly, a-Co 3 O 4 plays a vital role in imparting desirable selectivity for this reaction. Yet a potentially even more important and previously unexplored factor has been uncovered in this study: the selectivity for CROL can be increased by over 56 ± 7% across the entire Ag−IrNP composition range by using a mesostructured (m-) version of Co 3 O 4 ( Figure 6A ; cyan data). We used a previously reported nanocasting method to obtain m-Co 3 O 4 with CMK-3 structure (hexagonally bundled rods), using SBA-15 as a sacrificial hard templating agent (SI Methods and Figures S29  and S30) . 30 PXRD of the as-synthesized m-Co 3 O 4 was used to confirm phase purity ( Figure S31 ), while bulk textural analysis performed by N 2 physisorption (78 K) yielded a BET 31 surface area of 55.8 m 2 g −1 and a range of pore diameters between 3.3−9.0 nm (BJH method; 32 Figures S33 and S34). TEM analysis of the m-Co 3 O 4 materials revealed ordered pore structures in a great majority of particles ( Figure S29) . The predicted pore size should be large enough to accommodate the Ag−IrNPs made in this study. Incipient wetness impregnation of the NPs into the supports in an EtOH:H 2 O (v:v = 1:1) solvent mixture followed by sonication (20 min) resulted in the NPs becoming isolated inside the mesopores, which was confirmed using Z-contrast TEM ( Figure S35 ). Upon activation under conditions identical to those used for a-Co 3 O 4 -supported catalysts, the selectivity to CROL by Ag 31 Ir 69 /m-Co 3 O 4 was 31.7% (cf. 19.1% for Ag 31 Ir 69 /a-Co 3 O 4 ; Figure 6A) . A similar magnitude of increasing selectivity toward CROL was observed for all other NP compositions. A plot of the time-dependent product selectivity for the most selective catalyst (Ag 31 Ir 69 / m-Co 3 O 4) is shown in Figure 6B , which confirms that the product distribution does not change with time-on-stream, or with decreasing TOF. A survey of the literature suggests that the best previous CROL selectivity obtained by Ir in the gas phase was only 23%, achieved by ZrO 2 -supported IrNPs at a slightly higher reaction temperature (100°C). 33 These Ag−Ir/ m-Co 3 O 4 catalysts also showed very good recyclability: very little decrease in selectivity to CROL was observed after 5 cycles of catalysis and reactivation in H 2 /He ( Figure S37) .
The hydrogenation selectivity of CRAL was investigated with DFT calculations of the binding energies on Co 3 O 4 (110) and the three (111) ensembles, Ir 3 , Ir 2 Ag 1 , and IrAg 2 ( Figure 6C ). Due to the high computational cost required to accurately calculate Co-related systems, in this work we decided to evaluate reagent binding configurations and their energies, as opposed to detailed reaction kinetics. The thermodynamically most favorable binding configurations for the Ir 1 and Ir 2 ensembles indicate that CRAL is preferentially directly adsorbed to the Ag−IrNP surfaces via classical CC bonding modes ( Figure 6C ). This type of interaction leads to direct CC bond hydrogenation in the presence of coadsorbed H, and is insensitive to the nature of the support. Meanwhile, on larger Ir ensembles (e.g., Ir 3 ), CRAL is stabilized by adsorption of both CC and CO groups, which could result in hydrogenation of either (or both) bonds. Overall, these results indicate that on small Ir ensembles, CC activation is favorable, while the activation of CC and CO are more equivalent on larger Ir ensembles. Perhaps more importantly, we also find that the most favorable adsorption mode for CRAL directly at the Co 3 O 4 (110) support is via an η 4 -(C,C,C,O) mode, which is likely to result in selective hydrogenation of the CO bond. 27 In agreement with the SFG results reported by Somorjai, the DFT studies conducted here help to explain why CROL is observed in significant quantities using Co 3 O 4 as a support. More Ir-righ Ag−IrNP surfaces favor CC activation, while more Ag-rich alloys still facilitate H 2 dissociation, to facilitate selective CO hydrogenation at the NP-support interfaces.
The observed selectivity enhancement obtained using m-Co 3 O 4 as a support also reinforces the supposition that CRAL-support orientation effects play an important role in selective CO activation: the m-Co 3 O 4 support has mesopores that are large enough to accommodate the Ag x Ir (100−x) NPs, but once loaded inside the mesopores (vide supra), there will be limited space for the passage of reagents (e.g., bottlenecks). Thus, the binding of CRAL at Ag x Ir (100−x) NP surfaces inside the mesopores via a sideon CC binding mode should be more difficult to achieve than via a head-on CO binding mode. In turn, this should reduce the selectivity toward butyraldehyde formation. Also, the mesoporous support should lead to slower diffusion of CRAL through the pores (due to mass-transport effects), which is likely to lead to a longer overall contact time. This should increase the chance of indirect CO hydrogenation by spillover H atoms from the Co 3 O 4 support, thus further increasing the selectivity toward the unsaturated alcohol product. 27 Meanwhile, it should not be discounted that the surface states of Figure S40 ). However, measurable signals that could be attributed to either Co(I) or Co(0) were not observed, which rules out the possibility of the formation of trimetallic Co−Ag−IrNPs, or of isolated CoNPs on the supports.
■ CONCLUSIONS
We have shown that small (2.5−5.5 nm) Ag−IrNPs with randomly alloyed structures can be prepared using a convenient microwave-assisted polyol method. The previously unstudied Ag−Ir nanoalloys were found to be active heterogeneous hydrogenation catalysts, which retain their alloy structures up to 300°C. Addition of Ag to FCC−IrNPs enables the formation of physically larger NPs. DFT and modeling studies concur with experimental results and suggest that a greater proportion of surface Ir sites to edge sites in larger Ag−IrNPs results in a greater proportion of more weakly bound H atom intermediates, ultimately enabling more rapid catalysis. Ag x Ir (100−x) NPs with compositions x ≥ 85 were found to be more highly active alkene hydrogenation catalysts than pure IrNPs. Meanwhile, increasingly Ag-rich Ag x Ir (100−x) NPs are increasingly selective in the hydrogenation of CO versus CC bonds in crotonaldehyde, when supported on Co 3 O 4 . The unique reactivity of Ag−Ir nanoalloys found in this work is both interesting and complex, based on an interplay of NP size, ensemble and support effects. Ag−IrNPs are promising as a convenient means to fine-tune the reactivity of Ir catalysts for industrially relevant reactions, while also reducing the total amount of Ir required by dilution with Ag.
■ MATERIALS AND METHODS
Materials. Iridium trichloride hydrate (IrCl 3 ·nH 2 O, 100%; Johnson Matthey), silver nitrate (AgNO 3 , ≥ 99.9%; Alfa Aesar), ethylene glycol ({CH 2 OH} 2 , 99.8%; Fisher Scientific), poly-(vinylpyrrolidone) (PVP, ⟨M w ⟩ = 58 000; Alfa Aesar) and ammonium hydroxide (NH 4 OH, 28−30%; Fisher Scientific), were used as-received. The catalysis reagents 1-cyclohexene (CHE, C 6 H 10 , 99%+; Alfa Aesar) and crotonaldehyde (CRAL, C 4 H 8 O, 99.5%+, predominantly trans; Aldrich) were stored over 4A molecular sieves under dry N 2 and were purged with H 2 /He prior to use. All other common reagents and solvents (analytical grade) were used without further purification.
Experimental Section. Ag−IrNPs with different compositions were synthesized using a modified polyol method. In all reactions, PVP was predissolved in ethylene glycol and heated to 197°C with magnetic stirring (450 rpm) inside a 50 cm 3 glass round-bottomed flask fitted with a cold water reflux condenser. The entire apparatus was placed inside the cavity of a CEM-MARS-5 microwave reactor with two parallel Teflon cannulas (I.D. = 1.0 mm) inserted down the condenser such that the metal precursor solutions were delivered directly above the stirred solution in the flask. Required amounts of IrCl 3 and AgNO 3 dissolved in 2.5 mL EG were injected into the reaction system a rate of 100 cm 3 h −1 controlled by a dual-barrel syringe pump. The reaction mixture was heated for a further 30 min after injection to reach completion under microwave irradiation, followed by immediate quenching in an ice−water bath. The resulting Ag x Ir (100−x) NP suspensions were precipitated by addition of excess acetone and separated by centrifugation. The solids were washed with concentrated NH 4 OH to remove residual AgCl. To remove any excess PVP, the products were twice redispersed by in a minimal amount of ethanol followed by precipitation with excess hexanes and isolated by centrifugation. The NPs were then dried under vacuum and stored in the form of amorphous glass.
Amorphous silica (a-SiO 2 ) and amorphous cobalt oxide (a-Co 3 O 4 ) were prepared using modified versions of published methods, 34 in which the total volume of n-decane added was increased to 25 cm 3 . Mesoporous cobalt oxide (m-Co 3 O 4 ) with CMK-3-type structure was obtained by modification of a previously reported nanocasting method that utilized shortchannel SBA-15 35 as a sacrificial hard template (see SI for further synthetic details).
Material Characterization. PXRD of the Ag x Ir (100−x) NPs was performed on a Rigaku R-Axis Spider Diffractometer with a CuK α source (λ = 1.5406 Å), operating at 1.6 kW. TEM samples were prepared by drop-casting ethanolic suspensions of the NPs onto copper grids (200 mesh Cu/Formvar; Ted Pella, Inc.) and allowing to evaporate in air. Low-resolution TEM images were collected on a FEI Tecnai Transmission Electron Microscope operating at 80 kV. High-resolution TEM images, EDS 2-D elemental mapping and line scans were performed on JEOL 2010F Transmission Electron Microscope. XPS spectra were collected using a Kratos X-ray Photoelectron Spectrometer fitted with a monochromated AlK α source (λ = 8.3386 Å). Samples for XPS analysis were prepared by drop-casting ethanol solutions of the NPs onto indium−tin oxide (ITO) coated glass wafers and allowing complete evaporation of the solvent in air. ICP-OES samples were prepared by digesting the supported Ag x Ir (100−x) NPs catalysts in a CEM-MARS-5 microwave reactor at 200°C for 2 h in a 1:3 (v:v) mixture of 30% H 2 O 2 /concentrated HCl. Bulk textural analyses of the support materials were performed using a Quantachrome IQ-1C gas analyzer.
Model Catalysis Studies. The Ag x Ir (100−x) NPs catalysts were prepared by deposition on supports via a wet impregnation method. The NPs were first dispersed in a 1:1 ethanol:water solution, then added dropwise to a suspension of the support (a-SiO 2 , a-Co 3 O 4 or m-Co 3 O 4 ) in proportions that targeted a nominal 2−3% total (Ag+Ir) metal loading. After stirring the mixture for 20 min and a further sonication for 20 min, the solids were isolated by vacuum filtration or centrifugation and dried in a convection oven for 12 h at 70°C. The actual metal loadings obtained were then analyzed by ICP-OES.
In a typical CHE hydrogenation catalysis study, ca. 3 mg of the Ag x Ir (100−x) /a-SiO 2 catalyst was mixed with ca. 100 mg acidwashed and precalcined sand and loaded into a U-shaped borosilicate glass tube, suspended above a D3-porosity frit. The tube was suspended in a water bath held at 25°C using an external circulating chiller. In a typical CRAL hydrogenation study, 16−18 mg of the Ag x Ir (100−x) NP/a-Co 3 O 4 or Ag x Ir (100−x) NP/ m-Co 3 O 4 catalyst was mixed with ca. 200 mg of sand and loaded into a U-tube. The catalyst bed was heated to 200°C using a heating blanket under an atmosphere of H 2 /He for 12 h to release the PVP polymer from the NP surfaces. The reactor was then cooled to 90°C and allowed to reach a static temperature before the reaction commenced. A glass container fitted with fritted bubbler containing either CHE or CRAL submerged in an ice bath at 0°C was used to introduce a constant stream of reactant vapor into the gas stream. To initiate the reaction, H 2 /He carrying the saturated substrate vapor was directed through the catalyst bed. The products were directly monitored on-stream by direct venting into an HP Agilent 6890 GC fitted with a 15 m Restex Stabiliwax column and dual FID and TCD detectors. Details of data workup to obtain catalyst activities and TOF values are provided in the SI.
Computational Methodology. All binding energies were calculated by DFT using the Vienna Ab Initio Simulation Package. 36 Electron correlation was evaluated within the generalized gradient approximation (GGA) via the Perdew− Burke−Ernzerhof (PBE) method. 37 For the valence electrons, Kohn−Sham wave functions were expanded in a plane wave basis set with an energy cutoff of 300 eV. 38 Core electrons were described via the projector augmented-wave method. 39 Geometries were considered optimized when the force on each atom was lower than 0.01 eV Å −1 . Full details of calculations and kinetic modeling are given in the SI.
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